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patients in hospitals 17 OCR Output
components 16, and production of short—lived radionuclides for diagnosis and treatment of
applications, e. g. X-ray lithography for very large-scale integration of electronic
construction of compact synchrotrons and storage rings for industrial and medical
In a different domain, superconductivity and cryogenics have rendered possible the
under study.
such as the recently commissioned CEBAF 13, or the ELFE I4 and ESS 15 machines, now
medium-energy, high beam-intensity machines for nuclear or applied physics research,
dictates the use of superconducting RF cavities. This type of rationale also applies to
linear such as TESLA 12, the economics of achieving large acceleration voltages efficiently,
In high-energy lepton colliders, either circular such as TRISTAN 10 and LEP U, or
circumference.
guiding and focusing Helds, and thus require cryogenics over the largest fraction of their
LHC 9, all make use of superconducting magnets to increase the strength of their beam
decade, such as the Tevatron 3, HERA 4, Nuclotron 5, RI—IIC 6, UNK 7, SSC 8 and
The large hadron machines for high-energy physics planned or constmcted in the last
technologies in modem particle accelerators and colliders 1.2
and cryogenics — frontier techniques only a few years ago — have now become key
increasingly widespread use of superconducting devices. Hence applied superconductivity
The recent development of cryogenics for accelerators follows closely from the
1. Introduction
illustrated by examples taken from existing or planned projects.
refrigeration in lumped cryogenic plants. Recent trends in accelerator cryogenics are
loads, the distribution of cooling power along the machine, and the production of
engineering applied to accelerators, namely the design of cryostats and budgeting of heat
relevant to cooling of superconducting devices, we discuss some basic issues in cryogenic
and colliders, After recalling properties of cryogenic tluids — helium and nitrogen
Cryogenics and applied superconductivity are now widely present in particle accelerators
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areas. Recovered from natural gas in a number of extraction sites, it has become widely OCR Output
and consequent oxygen deficiency hazard at floor level, even in confmed or semi—conf“med
wide domain of dilution rates with the atmosphere, thus limiting the risk of accumulation
of accidental release. Moreover, its low density induces buoyancy of cryogenic spills in a
no incompatibility with materials in cooling circuits and presents no risk of toxicity in case
A monoatomic gas with weak intermolecular forces, helitun is chemically inert, shows
as cooling medium in the superconducting devices.
that helium is the only possible choice, both as process fluid in the refrigeration cycle and
used. A look at the normal boiling and critical points of cryogens (Table 1) clearly indicates
around 10 K, and this low value sets tight constraints on the choice of cooling fluid to be
several producers in the world. These materials exhibit critical transition temperatures
industrial materials, i.e. niobium and niobium·titanium alloys, commercially available from
superconductor, such as particle accelerators, may only be based on today's standard
maintained well below its critical transition temperature. Projects requiring large tonnage of
In order to ensure its proper operation in a device, a superconductor must be
2. Cryogenic Fluids
of a complex project involving diverse technologies.
achieved through a global approach, integrating all requirements and boundary conditions
surprise that technical optimisation of the cryogenic system for an accelerator can only be
site as large as a big city, and the logistics of cryogen supply and storage. It is therefore no
magnet windings, up to the integration of refrigeration machinery in the environment of a
processes controlling heat extraction from the wall of the RF cavities or the heart of the
of the design and construction of a superconducting accelerator, from the intimate
As it may already be inferred from the above menu, cryogenics permeates all aspects
refrigeration in a limited number of strategically-located cryogenic plants.
along the perimeter of the accelerator, and the efficient production of large-capacity
determines the type and level of cryogenic heat loads, the distribution of cooling power
sequence the design of the cryostats housing the superconducting devices, which
helium, are worth recalling before discussing cryogenic systems. We will then address in
interested reader for details. However, the specificity of cryogenic fluids, and particularly
books and publications (see appended Selected Bibliography), to which we refer the
The basic tools available to the cryogenic engineer are now described in a number of
projects.
accelerators, and illustrate them with technical solutions taken from existing or planned
rather try and identify specific problems of cryogenic engineering common to many
very wide, and it is not our purpose to review them all here. In the following, we shall
The spectrum of cryogenic systems serving such a variety of applications is therefore
below the PNBF. OCR Output
order to avoid this "boiling cooling of superconducting devices should always occur at heat fluxes
changes abruptly to less efficient film boiling when the peak nucleate boiling flux (PNBF) is reached; in
The nucleate boiling regime, which provides good heat transfer under small temperature difference,
systems. Heat loads are then absorbed by the sensible heat, at the cost of an increase in
standard correlations 20, and can therefore be predicted with confidence in teclmical
drop and convective heat transfer of this conventional fluid follow well-established
for cooling extended systems such as strings of magnets in accelerator tunnels. Pressure
As a consequence, monophase supercritical helium is often used in forced circulation
devices or compact systems, exhibiting limited slope and minor differences in elevation.
consequence, the use of saturated helium I is, in practice, restricted to cooling of single
instabilities in transfer piping, as well as phase separation resulting in local dryout. As a
flow-rate of a two—phase, boiling fluid, which may present difficulties and create
(up to 104 W.m·2 in nucleate boiling a). Its implementation requires to control the level and
(by means of the latent heat of vaporisation), and of providing high boiling heat transfer
forced flow, adds to simplicity the advantages of absorbing heat loads at fixed temperature
The straightforward practice of using helium I at saturation, either in pool boiling or
are shown in Figure 1.
The phase domains of helium applicable to refrigeration of superconducting devices
charts and tables 18, and calculated by codes running on personal computers 19
detail, particularly in the cryogenic temperature range. They can be found in the form of
The thermodynamic and thermophysical properties of helium have been studied in
cryogenics is only one.







Normal B¤i1i¤g Point LK] | Critical Point uq
Characteristic temperatures of cryogens.
Table 1:
The characteristics of helium in the different phase domains are summarized in Table OCR Output
proved to be an excellent cooling medium in large magnet systems 23
using pressurized helium II, i.e. liquid helium subcooled below the lambda line, which has
in the vapour and contamination by air inleaks. These drawbacks can be circumvented by
exists only at low pressure (below 5 kPa), which brings the risks of dielectric breakdown
II prove very useful for improving the stability of superconductors. Saturated helium II
in particular, the low viscosity and high apparent thermal conductivity exhibited by helium
physical properties of superfluid helium II can thus be exploited for technical applications;
in direct savings in capital and operation. At temperatures below 2.2 K, the particular
temperature-dependent, BCS losses in the wall of RF acceleration cavities , which results22
current density in the windings of high-field electromagnets , and to lower the21
improved significantly by operating at lower temperature. This permits to increase the
In most applications, the technical performance of the superconductor can be
within allowed limits.
supercritical stream by saturated helium, in order to contain its temperature excursions
therefore requires large mass-flow rates, as well as periodic or continuous recooling of the
temperature of the circulating fluid. Cooling of large systems featuring high heat loads














ground level. For all practical purposes, the large cooling power of liquid nitrogen must be OCR Output
nitrogen for precooling a gaseous helium stream, in a vaporiser/heat exchanger located at
restricts its use underground. In view of this, it is often more convenient to use liquid
nitrogen spillage in confmed areas with limited escape paths, such as an accelerator timnel,
In spite of these advantages, the serious oxygen deficiency hazard created by liquid
0.240.02Nitrogen
16.4Helium 48 1.38
[mg.s‘*] [l.h‘* liquid] | [1.min’* gas NTP]
Vaporization of normal boiling cryogens under 1 W applied heat load
Table 3:
heat in cryostats before it reaches the lowest temperature level (Table 3).
superconducting devices, e.g. the iron yoke of electromagnets, as well as for intercepting
refrigeration down to 80 K. This proves very useful for precooling the cold mass of
nitrogen, which provides an easy way of storing and releasing large amounts of




Pressurized He II Low temperature Thermodynamic cost
High conductivity Dielecuic breakdown
Low viscosity Low-pressure
Saturated He H Low temperature Thermodynamic cost
High How-rate
Supercritical Monophase Temperature rise
High heat transfer Boiling crisis
Saturated He I Fixed temperature Two-phase flow
Phase domain Advantages Drawbmks
Characteristics of helium as a cooling tluid
Table 2:
Superinsulation (10 layers) from 80 K, residual pressure 100 mPa OCR Output
Superinsulation (10 layers) from 80 K, residual pressure below 1 rnPa | 0.05
Superinsulation (30 layers) from 290 K, residual pressure below 1 mPa | 1.5
Residual gas conduction (1 mPa helium) from 290 K 0.19
Residual gas conduction (100 mPa helium) from 290 K 19
Black-body radiation from 80 K 2.3
Black-body radiation from 290 K 401
Typical heat fluxes at vanishingly low temperature [W.m·Z]
Table 5:
processes (Table 5) clearly indicates the way to efficient thermal design.
Estimating typical values for heat flux at low temperature transported by several
tightness of the insulation vacuum and magnetic screening of the stray fields.
devices, containment of cryogenic fluids under steady and transient operating modes, leak
essential functions as diverse as supporting and precise positioning of the superconducting
importance of the cryostats extends well beyond cryogenics proper, since they also perform
performance, which determines heat loads on the system. Moreover, the technical
system. They also greatly influence operational costs, through their thermal insulation
accelerator circumference, represent a large Haction of the capital cost of the cryogenic
The cryostats housing the superconducting devices, which cover most of the
3. Cryostat Design and Heat Loads
LN2 from 290 to 77 K 0.45 litre 0.29 litre
LHe from 77 to 4.2 K 1.46 litre 0.12 litre
LHe from 290 to 4.2 K 29.5 litre 0.75 litre
Using: Latent heat only Latent heat & enthalpy of gas
Amount of cryogens required to cool dovm 1 kg of iron.
Table 4:
equipment (Table 4).
remembered, as it can alleviate strongly the liquid helium requirement for precooling of
conduction 27. OCR Output
accelerator, multilayer systems maintain a much better performance, as they also reduce gas
vacuum, a situation liable to happen somewhere around the perimeter of a multi-lcilometer
economical way to cut radiative heat inleak. However, ir1 the case of degraded insulation
single-layer wrapping of aluminium foil around the cold mass is an efficient and
It must be noted that, thanks to the decrease of emissivities at low temperature, a
0.02Copper, mech. polished 0.06
0.06Copper, as found 0.12
0.04Aluminium, electropolished 0.08
Aluminium, mech. polished 0.10 0.06
0.07Aluminium, as found 0.12
0.01Stainless steel + Aluminium Foil I 0.05
0.07Stainless steel, electropolished I 0.10
0.07Stainless steel, mech. polished | 0.12
0.12Stainless steel, as found 0.34
Surface at 77 K Surface at 4.2 K
Radiation from 290 K I Radiation from 77 K
Emissivities of technical materials at low temperatures
Table 6:
superinsulation blankets equip the cryostats of superconducting accelerators 24- 25
cost of materials and installation. Today, tens of thousands square meters of
compromise between heat radiation and interlayer conduction, as well as complexity and
reflective insulation (MLI), also called superinsulazion, which represents a technological
shields of low emissivity (Table 6). The latter concept is implemented in multilayer
on a screen cooled at some intermediate temperature, as well as by using multiple "floating"
Limitation of radiative heat inleak to the cold mass can therefore be achieved by interception
effective emissivity of the surface and the fourth power of the absolute temperature.
from the warm surfaces to the accelerator cold mass, which scales in proportion with the
conduction negligible. The major remaining source of distributed heat load is then radiation
pressures in the molecular domain (i.e. below 10-1 Pa for helium), in order to render gas
A good cryostat must maintain an insulation space evacuated down to residual
dynamic range. OCR Output
duty to be performed by the cryogenic system, which must respond efficiently over a large
superconducting magnets. Dynamic heat loads also result in strong variations of the cooling
the beam-induced heat loads will be intercepted by a beam screen 35 before they reach the
must also be designed to cope with large dynamic loads. In the LHC, for example, most of
represent only a fraction of the total heat load budget (Table 8), and the cryogenic system
In high—energy accelerators with intense circulating beams, the cryostat heat inleaks
as automatic orbital welding of pipes and systematic leak checking.
thousands in situ welds, which must be performed under strict repetitive procedures, such
also depends critically on the quality of the field assembly work, involving several
constitute lcilometer—long cryogenic strings. The final thermal performance of the system
complex reality, since device cryostats are assembled in series in the accelerator tunnel to
sections sketched in Figure 2. These two-dimensional views represent only part of a
superconducting accelerators 28, 32, 33, 34, some of which have their transverse cross
These different thermal insulation techniques have been combined in the cryostats of
18 153G-10 Glass—epoxy composite | 2
Atsi 304 Stainless greet 16.3 I349 I 3060
2024 Aluminium alloy 160 I 2420 I 22900
1100 Aluminium 2740 I23300 I 72100
DHP Copper 395 I 5890 I 46100
OFHC Copper 11000 |60600 I 152000
20 K I 80 K I 290 K
Thermal conductivity integrals of selected materials [W .m· 1]
Table 7:
from ambient temperature.
conductivity integral of materials is about an order of magnitude smaller from 80 K than
by intercepting heat along the conduction path. As shown in Table 7, the thermal
conductivity—to—yield—strength ratio, such as non-metallic epoxy-based composites 31, and
compression posts 29, 30. This can be reduced by using a structural material with low
heat inleak by solid conduction along the cold mass supports, either tension straps 28 or
Once radiation and gas conduction have been coped with, there remains local paths of
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Figure 2: Transverse cross-sections of cryosrars for superconducting acceleramor devices OCR Output
(d) LHC




, ; m»zn1--37% \\~:¤r:"‘i I Ad P




· " K "°"“‘“
_ 4/ g? // 20 K helium gas/
';rk&+ I
nitrogenR \\\\v I QJ-{1, V 80 K liquid
Ei; \ ' °lliquid ‘géE UITI I I PGI "* · K'] Shglgg
Th I ra






cryogenic plant (Table 9). OCR Output
significantly the work of refrigeration, and hence the capital and operational costs of the
At low refrigeration temperature, even minute temperature gradients increase
AW/W = Ta AT / (Ta·T) (T-AT)
AW=QTaAT/T] T(T-AT)
W+AW, and:
will require production of refrigeration at temperature T-AT, with the increased work
Allowing a temperature drop AT for transporting this heat load to the cryogenic plant
W = Q (Ta‘T) / Tl T
a Camot refrigerator operating between the same temperatures, then:
call n the "Carnot efficiency" of the cryogenic plant, i.e. the efficiency compared to that of
superconducting device at temperature T, and to reject it at ambient temperature Ta. If we
Let W be the refrigeration work required to extract the heat load Q from the
shall now give an estimate of the latter effect
superconducting devices, as well as in higher thermodynamic cost of refrigeration. We
that of the furthest cryostat. This results in temperature inhomogeneity along the string of
cryogenic plants, refrigeration power must always be produced at a temperature lower than
from the devices in the tunnel and transported over kilometer—1ong distances to the
extended cryogenic system such as that of a particle accelerator, where heat is extracted
temperature gradient, an intrinsically irreversible process. As a consequence, in an
The second law of thermodynamics implies that heat can only flow down a
4. Distribution of Cooling Power
Particle losses
Beam—gas inelastic scattering
Feedthroughs Instrumentation Excitation of higher order modes
Cold mass supports Wall resistance Beam image currents
Cold surface area Superconductor splices Synchrotron radiation
Cryostat heat inleaks Resistive dissipation Beam-induced
Origin of cryogenic heat loads in superconducting accelerator devices
Table 8:
loads. OCR Output
distribution lines, and may not always prove affordable in large machines with high heat
requires to install sufficient over-capacity in the cryogenic plants, but also in the
loads of one sector to the cryogenic plants of the neighbouring ones. This evidently
Redundancy in a sectorized cryogenic system can be obtained by shifting the heat
interconnexions, alignment and eventual replacement of the components.
reduces transverse space occupancy in the tumrel, but complicates significantly installation,
vacuum vessel and insulation system of the device cryostats (see Figure 2). This also
fairly expensive, and the trend in recent projects is to integrate all cryogenic piping in the
Large-diameter, vacuum—insulated cryogenic lines spanning kilometer distances are
sized and insulated.
heads result in temperature gradients in the cryogenic piping, which must be adequately
along the accelerator tunnel, heat inleaks, frictional pressure drops and hydrostatic
with a sufficient developed area, e. g. in the form of a continuous copper tube 37,
solid wall of a heat exchanger, which must be made of a high-conductivity material
between cooling fluid and saturated liquid recoolers, heat is transported across the
surface finish,
permeable 36, and surface transfer can be enhanced by increasing wetted perimeter and
between superconductor and cooling fluid, electrical insulation must be made
tight budgeting of the elementary temperature differences:
is achieved by sectorizing the machine to reduce effective heat transport distances, and by
power at low temperature in accelerators are usually kept well below l K (Figure 3). This





@ 1.8 KTemperature gradient [K] | @ 4.5 K
Relative increase of refrigeration work due to heat transport at low temperature
Table 9:
only on temperature (and therefore not on pressure). OCR Output
Thomson cooling; this is consistent with the altemative definition that the enthalpy of an ideal gas dcpcnds
An ideal gas, composed of point—like free molecules with no intermolecular forces, cannot undergo Joule
when expanding from initial conditions below the Joule-Thomson inversion curve, in
only produces work against intennolecular forces a, and cooling may only be obtained
isenthalpic Joule·Thomson expansion in a valve nozzle ·— in this process the fluid
today generally a turboexpander,
adiabatic expansion with extraction of mechanical work in an expansion engine
exchanger,
quasi·isobar heat exchange with a colder fluid flowing in counter—current in a heat
elementary thermodynamic processes:
temperature of a high-pressure stream of helium may be achieved through the following
thermodynamic cycles, however, have been known for over half a century. Lowering the
world-wide from a few specialised process-engineering Erms. The basic principles of their
industrial development of efficient, high-capacity cryogenic refrigerators, now available
The advent of large superconducting projects has opened a market and thus stimulated
5. Refrigeration Plants
Figure 3: Transport of cooling power in cryogenic accelerators
Distance [km]
0 1 2 3 4 5
+ m











Figure 4: Simplified flow-schemes of LEP cryogenic plants by (a) Air Liquide & (b) Linde OCR Output
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(Figure 4).
cool the LEP superconducting cavities, as can be seen on their simplified tlow-schemes
features appear in the high-capacity refrigerators 39. 4O» 41 recently installed at CERN to
two stages and thus naturally introduces a medium-pressure level at about 4 MPa. Such
compression, due to the high value of the isentropic exponent 7, which practically imposes
the saturation curve of helium. This layout also matches the technical consuaints on helium
pressure levels, thus allowing to decouple turbine outlet from the low pressure dictated by
immediately above atmosphere). Modern, high-capacity cycles tend to operate on three
(compressor discharge around 2 MPa) and a low-pressure retum (compressor suction
basic processes 38 in series and parallel arrangement between a high·pressure supply
The Claude-Collins cycles of conventional helium refrigerators combine these three
the Hnal liquefaction stage of cryogenic plants.
efficiency, isenthalpic expansion, which requires no moving machinery, is well suited to
of low-density helium vapour, which becomes a challenge for high-capacity plants. NonOCR Output
Rehigeration at superfluid helium temperature requires sub-atmospheric compression
alleviates the requirement for civil engineering.
installed deep underground at tunnel level, the latter argument proves very valuable, as it
more economical and compact. In accelerators where the lower coldboxes are usually
efficiency for a given output, is to reduce the process flow-rate, and thus make the plant
An interesting — and initially unexpected — consequence of running at higher
achieved, by careful optimisation of the cold end of the thermodynamic cycles.
temperature, recent studies 43- 44 have shown that higher values of efficiency could still be
Although most of the irreversibilities do occur in the compressors at ambient
refrigeration at 4.5 K.
The lower limit for § is that of a Carnot refrigerator, amounting to 66 W/W for
E; = (Tail') / Tl T
performance can also be written:
temperature T. In view of the previous definition for Carnot efficiency T], the coefficient of
where W is the compressor power absorbed to produce the refrigeration power Q at
é = w / Q
a given refrigeration temperature T, dehned as:
Carnot limit. This can be seen (Figure 5) by estimating their coejjicient of performance 2; at
efficiency of recent cryoplants has made significant progress, to reach about 30 % of the
Under the incentive of rising duty factor and proper assessment of utility costs, the
analog and digital input and output signals in real time.
process-control system for a large cryogenic plant 42 typically handles a thousand
alarms and triggering of interlocks ensuring personnel and equipment safety. The
allowing automatic operation in steady and transient modes, as well as generation of
an industrial computer-based process-control and operator-supervision system,
impurities,
valves, as well as cold adsorber beds trapping residual air and "non-condensable"
exchangers, the expansion turbines rumiing on gas-lubricated bearings, the control
one or several vacuum—insulated coldboxes housing the multipass plate heat
by the process,
restores process helium purity, down to the few p.p.m. contamination level tolerated
volatile compounds (charcoal adsorber), and water (molecular sieve adsorber); this
an efficient helium purification system for oil aerosols (coalescing filters in series) and
standard in the refrigeration industry, with inter- and after—cooling,
a of set of oil—injected screw compressors, a technology which has now become the
A large modern helium cryogenic plant is thus composed of:
active community of cryogenics specialists working for accelerators, in the CERN OCR Output
The material for this lecture is based on the work of many colleagues in the small but
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This brief review only attempts to present the non·specialist with some basic issues in
6. Conclusion
Figure 5: Coefficient of performance of large helium refrigerators
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